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TECH  HI  CAL  REPORT 

This  document  vss  prepared  by  the  Stanford  Research  Institute 
for  the  Hoeing  Vertoi  (^oany-a,^  is  si^sittcd  to  satisfy  Contract 
Xuabcr  DAAJ01-73-A-O0I7. 

SRI  Laboratory  testing  has  shown  the  effect  of  dist  and  ice. 
particles  in  generating  static  electricity  on  tfci 2  blade  surface. 

The  electrical  accumulations  result  in  radio  frequency  eaise 
interference . 

Since  the  rotor  blade  paint  coat  is  £abricated~of  materials  which 
axe  electrically  insulating,  the  first  consideration  is  to 
render  the  blade  surface  electrically  conductive.  Several  types 
of  conductive  paints  were  tested  and  are  nov  available  for  this 
purpose-  Test,  panels  were  fabricated,  siniLar  to  blade  structure, 
for  evaluation  of  13  different  .paint  coating  configurations.  A 
noise  reduction  of  20  do  froct  the  noise  level  of  the  insulating 
paint  system  would  cause  interference  to  the  LGRAX-D  guidance  * 
system,  whereas  a  reduction  of  40  db  v>uld  provide  noise-free 
operation  of  L0RA?i~D,  with  frail  range  capability.  Two  of  the 
paint  systems  which  reduced  the  noise  level  by  over  40  db  from 
reference  have  been  crosen  for  use  on  the  HIS  blade. 

Os  the  inboard  blade  shank,  nagna  J-B-i  is'  used  with  no  overcoating 
required.  This  seating  also  provides  erosion  resistance  to  the 
fiberglass  shank.  On  the  blade  fairing  area,  aft  of  the  nose 
cap,  BXS  10-21  conductive  coating  is  used.  The  titanium  nose  cap, 
being  conductive,  does  not  require  a  conductive  paint  coating. 

The  nose  cap  and  fairing  areas  arc  then  overlayed  with  epexy 
primer  and  the  acrylic  nitrocelulose  laqucr  paint  system  currently 
used  on  production  rotor  blades. 

This  scab  in  at  ion  of  paints  provides  the  erosion  and  aoisture 
protection  required  on  composite  structures  yet  rakes  the  blade 
electrically  conductive,,  while  providing  in  the  field  touch  up  • 
capability. 

A  sqrface  resistivity  measurement  technique  has  been  devised 
rdiich  prill  *Ucf  a  good’  in-service  test  aetkod  to  assess  the 
paint  coat’s  ability  to  drain  the  surface  charges  noiselessly. 

Tests  have  shown  a  correlation  of  surface  conductivity  to  noise 
reduction  capability. 

TO  prevent  the  helicopter  potent  - xl.  generated  thru  precipitation 
static,  from  reaching  the  coronr  discharge  level,  static 
dischargers,  similar  to  those  in  use  on  production  aircraft, 
are  required.  The  discharger  corona  threshold  'tine  at  which 
discharge  occurs)  must  obviously  tie  lower  than  that  of  any  rotor 
blade  sharp  edges.  An  area  which  requires  attention  is  the  tip 
of  the  rotor  blade  where  the  pressure  reduction  can  cause  the 
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outboard  edge  of  the  nose  cap  to  reach  it's  corona  threshold 
prior  to  the  dischargers.  The  reco— ended  configuration  is  to 
install  to  dischargers,  on  the  trailing  edge  at  the  tip,  and  add 
a  rounded  tip  cover  with  discharger  installed.  The  design 
proposed  for  the  HLK  prototype  will  use  two  dischargers  so  tinted 
oq  the  trailing  edge  at  the  outboard  end  of  the  blade.  Th<sse 
dischargers  will  be  removable  for  shipment  or  replacement ,  with 
no  special  tools  required.  To  reduce  weight  and  cost,  the 
present  flat  tip  cover  will  be  retained  with  provision  for 
addition  of  a  *-ia  discharger  if  required. 
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I  INTRODUCTION 


When  co— unlcation  zsui  navigation  equipment  ns  first  installed  on 
aircraft,  the  aircraft  operators  found  that  radio  noise  vas  observed  in 
these  systems  whenever  the  aircraft  vas  operated  in  clouds  of  dust  or 
precipitation.  These  early  investigators  found  that  the  noise  steamed 

from  frictional  electrification  of  the  aircraft  as  a  whole  or  of  individual 
parts  as  particles  in  the  cloud  struck  the  aircraft  and  deposited  incre¬ 
ments  of  charge.  The  problem  subsequently  vas  studied  in  considerable 
detail  to  identify  the  noise  mechanisms  responsible  and  to  devise  schemes 
for  reducing  the  noise  to  tolerable  levels.*-11  Many  techniques  have 
been  developed  and  applied  to  conventional  aircraft. 

Static  electrification  occurs  on  helicopters  also  when  they  are 
operated  in  clouds  of  dust  or  snov.  The  most  serious  problem  recognized 
in  connection  with  helicopter  operation  vas  the  electrostatic  discharge 
to  ground  during  cargo  operations,13  where  it  vas  found  that  personnel 
were  sometimes  knocked  off  their  feet  by  shock  and  suffered  miscellaneous 
injuries  such  as  split  tips  and  edgrwy  of  fingers  and  nails.  Various  ac¬ 
tive  schemes  were  tried  to  eliminate  the  static  charge  on  helicopters  3-1 6 
In  a  Joint  SRI-Boelhg  Vertol  investigation,  it  vas  concluded  that  the 
charge  on  the  dust  cloud  stirred  up  by  the  hovering  helicopter  completely 
dominated  the  electrostatic  environ— nt,  and  that  it  would  cot  be  pos¬ 
sible  to  sense  helicopter-tc-ground  potential  without  touching  th^  ground. 
Accordingly,  a  passive  aircraft  grounding  scheme  was  devised  and  demon¬ 
strated.13 


* 

References  are  Hated  at  the  end  of  the  -re;>ort. 


In  addition  t  largo-handling  problems  caused  by  electrification, 

helicopters  are  a Is,  -  .Jject  to  the  noise  problems  encountered  in  conven¬ 
tional  aircraft.  In  this  regard,  the  helicopter  is  no  different.  Elec¬ 
trification  Till  occur.  and  radio  noise  will  result.  In  the  case  of  the 
ElK,  the  problem  of  radio  noise  became  of  particular  significance  with 
the  development  of  modern  lor- frequency  navigational  aids  such  as  LORAS  D, 
which  operates  at  roughly  100  kHz.  These  systems  provide  capabilities 
that  cannot  be  achieved  in  any  other  way.  Since  they  operate  at  LF, 
however,  they  are  particularly  vulnerable  to  precipitation-static  Inter¬ 
ference. 

It  was  recognized  that  aozt  precipitation-static  fixes  are  simple 
and  inexpensive  to  implement  if  they  are  considered  as  »rt  of  the  vehicle 
design.  As  retrofits,  these  same  fixes  often  become  so  expensive  as  to 
preclude  their  consideration.  Accordingly,  this  program  was  instituted 
to  investigate  the  severity  of  precipitation-static  noise  to  be  expected 
on  the  HU  and  to  define  the  requirements  for  techniques  for  noise  ellmina 
tlon  on  the  HU  helicopter. 

In  conversations  with  Boeing  Vertol  personnel,  various  approaches 
were  discussed  for  eliminating  radio-frequency  noise  steaming  from  fric¬ 
tional  electrification  of  the  HU  helicopter.  During  these  discussions 
it  was  concluded  that  the  most  promising  approach  to  noise  elimination  was 
through  proper  design  and  treatment  of  the  helicopter  blades. 

Electrification  of  the  vehicle  as  a  whole  leads  to  high*  electric 
fields  and  corona  discharges  at  the  rotor  extremities.*' *'ie  Xolse  from 
this  source  can  be  eliminated  £y  Installing,  at  the  rotor  tips,  passive 
dischargers  capable  of  providing  sufficient  noise  reduction  to  bring 
the  resulting  corona -noise  levels  dovn  to  acceptable  values.*'11  In 
planning  such  a  discharger  installation,  it  is  necessary  to  specify  the 
noise  reduction  required  of  the  dischargers.  It  is  also  necessary  to 


define  the  number  of  dischargers  required  and  tc  specify  their  locations 
on  the  rotor  blades. 

Charging  of  the  plastic  blade  surfaces  as  the  result  of  impact  by 
snor  or  dust  causes  charge  to  a  ecus  alate  on  the  surface  of  the  blade 
until  streamer  discharges  occur  the  blade  surface  tv  soce  metallic 

structure  to  relieve  some  of  the  charge.  These  discharges  also  generate 
RF  noise  that  can  disable  radio  communication  and  navigation  systems.6*  7 
Streamer  noise  u  best  eliminated  by  applying  a  coat  of  conductive  paint 
to  the  surface  of  tie  blade  to  remove  the  charge  as  rapidly  as  it  arrives 
on  the  blade.7  In  this  may,  the  high  electric  fields  that  to  streamer 

discharges  are  eliminated. 

In  general,  conductive  paint  is  produced  by  adding  conductive  powder 
(metal  or  graphite)  to  a  paint  vehicle  until  the  desired  conductivity  is 
achieved.  This  usually  requires  so  much  powder  that  the  mechanical  prop¬ 
erties  of  the  paint  are  degraded.  For  this  reason,  it  Is  planned  that, 
on  the  KU,  the  conductive  paint  will  be  overcoated  with  a  thin  layer  of 
““conductive  paint  having  the  desired  mechanical  and  abrasion-resistant 
Properties.  The  argtmwnt  is  that  this  thin  outer  layer  of  paint  will 
pnneture  at  low  voltages  and  permit  the  charge  accumulating  on  the  outer 
surface  to  flow  to  the  conductive  layer  without  generating  large  streamer 
discharges  on  tte  outside  surface.  It  was  necessary  to  test  the  workability 
of  various  materials  that  were  selected  for  JJjl*  function. 

It  was  Concluded  that  the  needs  of  the  HU>  could  be  met  by  accomplish¬ 
ing  the  following  three  tasks  on  the  present  prog  ran: 

(1)  Conduct  the  necessary  model  coupling  measurements  and 
analyses  to  determine  the  discharger-noise  reduction 
required  to  afford  the  same  degree  of  no'te  protection 
for  the  HLH  as  is  currently  available  on  airliners  such 
as  the  707  using  LORAS*  C/D. 


3 


(2)  Conduct  the  necessary  electrostatic  nodel  measurements 
and  analyses  to  establish  the  maber  and  placement  of 
passive  dischargers  oa  the  EIH  rotor  blades. 

(3)  Conduct  trlboelectrlc  charting  tests  on  ts  usy  as  10 
samples  of  candidate  conductive  coating  systems  to 
determine  their  adequacy  for  use  on  the  HLH  rotor  blades. 

Since  the  noise  problem  has  been  studied  at  great  length  on  conven 
tional  aircraft,  extensive  use  will  be  sade  here  of  this  earlier  work. 
In  particular,  reference  rill  be  aade  to  specific  equations  and  tech¬ 
niques  developed  its  previous  publications.  Ceae rally,  the  required 
equation  mill  be  abstracted  and  used  without  rederivation  cr  extensive 
justification.  Attempting  to  justify  every  step  here  would  result  in 
an  inappropriately  long  and  complex  report. 


II  X0ISE-C0CPLI5G  ANALYSIS 


As  ladlcrted  In  .lbe  Introduction,  stkiic  electrification  of  tSie 
helicopter  as  a  whole  raises  Its  potential  until  corona  discharges  occur 
from  the  regions  of  highest  electric  field  at  the  rotor  tips.  These  dis¬ 
charges  generate  radio  noise  that  couples  into  receiving  systems  on  the 
vehicle.  Similarly,  charging  of  the  dielectric  outer  Surfaces  of  the 
blades  will  result  in  streamer  discharges  across  the  surfaces  that  also 
couple  noise  into  receiving  systems.  The  severity  of  the  resulting 
interference  must  be  estimates  in  order  to  weigh  the  importance  of  devel¬ 
oping  fixes.  Thus>  it  is  necessary  to  determine  the  degree  of  coupling 
between  noise  sources  cn  the  blades  end  regions  on  the  BIX  where  antennas 
jEight  be  located. 

Positions  where  antennas  might  conceivably  be  located  on  the  BIX 
and  where  coupling  neasarenents  were  made  are  shown  In  Figure  1.  Posi¬ 
tion  1  is  on  t>z  IfiMr  pert  of  the  nose,  where  antennas  could  clearly 
be  located  without  difficulty.  The  feasibility  of  antenna  locations 
such  as  thore  in  positions  2  end  3  «?o  the  top  of  the  fuselage  dep teds  on 
the  degree  to  which  performance  of  the  associated  system  will  be  degraded 
by  rotor-blade  modulation.  It  was  felt  that  such  installations  were 
definitely  possible,  and  that  measurements  of  noise  coupling  to  this 
general  region  should  be  made.  Another  clear  area  where  antenna s  might 
be  installed  was  the  back  of  the  aft  pylon.  Accordingly,  measuresrfuts 
were  made  of  coupling  to  position  4.  Since  the  BIX  design  Incorporates 
provisions  for  carrying  large  container  cargoes  along  the  flat  part  of 
the  belly.  It  will  not  be  possible  t<<  install  antennan  here.  Tor  this 
reason,  no  measurements  of  coupling  to  this  part  of  the  belly  were  maoe. 
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FIGURE  1  POSSIBLE  LF  AND  KF  ANTENNA  ijGCATKMJS  CONSIDERED  IN  TESTS 


Use  BS2ssnaMr.it  tedtniqcrs  used  in  the  present  progrz an  were  patterned 
after  those  desert in  Ref.  S.  Tbe  test  setup  is  shorn  t—  rlpre  2. 

Sere  s  stslstsre  Kf  oscillator  is  shown  in  position  »*.  the  end  of  oee  of 
the  rotor  blades.  DC  power  is  fed  to  the  oscillator  via  a  high-resistance 
lead  that  is  of  sufficiently  high  value  to  appear  transparent  at  the  BF 
frequencies  of  interest.  The  j.ower— sapply  (iotnd  return  fro*  the  helicopter 
is  ude  via  a  second  high-resistance  lead.  Th as  the  setrp  «l«nlites  an 
electrically  isolated  helicopter  with  a  snail,  isolated  HF  genCirator  at 
the  tip  of  one  cf  Its  blades. 

ICoise  picked  op  by  the  test  antenna  oo  the  aircraft  is  fed  to  as 
attenuator  followed  tr.  a  battery-operated  receiver  tuned  to  the  oscillator 
frequency.  The  attenuator  is  adjusted  to  produce  a  standard  reading  is 
the  meter  connected  to  the  receiver  cut  nut.  The  ueter  is  also  contained 
in  tbe  model  ard  is  read  optically.  To  obtain  absolute  values  of  coupling, 
the  RF  source  is  placed  against  tbe  inner  conductor  of  the  standard  co¬ 
axial  coupling  structure,  which  is  attached  to  the  receiving  system  in 
place  of  the  test  antenna.  The  attenuator  is  adjusted  to  produce  the 
standard  reading  on  the  receiver  output  meter.  In  this  nj  the  ratio  cf 


the  measured  anpllnj  tr  ifee  standard  ctcplicf  as  given  by  xfce  ratio  of 
the  attenuation  settlers  repaired  to  prodace  the  standard  receiver  output. 

It  is  reoc^lzed,  of  coarse,  that  la  performing  the  Jocplicg  sea- 
ronswat's  *s  (Sfsenbrf,  the  ^aracttristics  of  the  receiving  ante see 
used  on  the  model  an.  automatically  Incorporated  Is  receiver  oatpnt  ard 
measured  coupling.  To  vsie  the  measurements  more  generally  useful  there¬ 
fore,  the  test  antenna  properties  hare  bees  removed  from  the  results 
using  antenna  data  developed  by  Eolljihr.13  Additional  dlscssioo  of 
this  procedure  is  gives  is  Kef.  ft.  The  resrity  of  the  gig  coupling  mea¬ 
surements  shorn  in  Figure  3(a)  through  3(d)  n"e  presented  is  terms  of 
coupling  to  an  antenna  of  unit  isdcvtioo  area.  Thus  the  coupling  data 
cca  be  tbosght  of  as  expressing  the  coupling  betmees  a  discharge  source 
on  a  blzrc,  and  a  location  on  the  helicopter  where  one  might  wish  to 
locate  a  receiving  antenna.  The  cooplij^j  Jo  as  actual  antenna  considered 
for  use  cm  be  determined  simply  by  multiplying  the  normaliaad  coupling 
factor  of  Flpre  3  by  the  antenna  induction  az,ea.  In  determining  the 
induction  txea,  a,  of  a  particular  antesma  it  is  c^cnaifst  to  use  the 
relationship 


c  a 
o 


h  C 
e 


where 

c  = - - - —  F/m 

°  3€n  X  VJ 

a  *  Antessft  induction  area 
fa^C  =  Antenna  sensitivity  product. 

Thus,  for  a  typical  se**c  antenna  haring  n  sensitivity  product  b  C  »  4  pFu 

-12  9  2  * 

the  induction  area  is  a  *  4  X  10  (36"  X  10  )  =  0.4b  a  . 

It  Is  evident  from  Figure  3  that  the  measurements  mere  confined  to 


frequencies  below  2.5  Mi f.  This  restriction  mas  imposed  because  the 


prliary  coctert  £a  this  projna  ns  systess  opentiqj  in  the  LF  portion 
of  tit  spectres.  To  [^aerate  confidence  in  the  data,  bomer,  the  oea- 
semests  tent  extended  ’  a  the  lew  part  of  the  EF  resfxe  where  aircraft 
resonances  shoal d  begin  to  naifest  thenselres  in  the  cocpliac  npita&s. 
For  exasple,  in  Fiptre  St  of  Eef  5,  Tanner  sbo*s  analytically  than  the 
first  maxiatte  in  no  is-*  coupling  feces  the  loeg  end  of  an  asyanetrlcal 
dipole  occurs  when  the  length  of  the  leef  half  Is  0.375*-..  Cscsiderisg 
the  coupling  between  the  positiocs-1  antenna  and  s  discharge  ea  the  end 
of  the  aft  rotor,  the  first  atari  a  ow  sh6old  occcr  when  the  distance  between 
the  nose  of  the  helicopter  and  the  aft  rotor-blade  tip,  a  distance  of 
rooghly  133  ft  (for  S  *  ISO*),  Is  0.375*..  This  corresponds  to  a  fregoesacy 
of  2.S  Mr.  Frews  Figure  3*s),  we  see  that  the  neiscred  coaaliat  frees  the 
aft  rotor  to  zstessa  position  1  is  increasing  with  increasing  frequency 
asp  to  the  highest  frequency  neasered  is  the  laboratory  tests. 

It  should  also  he  observed  that  only  eae  ccrplhg  carve  is  presented 
for  each  rotor.  Xnssnwsis  were  actually  aade  for  five  binds  fosstxoes:, 
tat  it  ms  fowsi  that  the  eoupllsc  data  changed  wry  little  after  the 
bl**>  was  90*  or  wore  rewored  frow  the  fnselnge-  (As  will  be  seven  in 
the  next  section,  this  is  the  blade  location  in  which  corona  discharges 
will  occcr.)  Accordingly,  to  simplify  the  presentation  and  the  cal  eola¬ 
tions,  a  single  conposite  carrc  of  coupling  is  presented  for  each  rotor 
In  Fig* re  3. 

In  general,  the  coupling  data  of  Flgtre  3  hare  the  sawe  behavior 
as  the  TOT  low-frequency  coupling  data  of  *eff -  S.  The  coupling  is  rela¬ 
tively  flat  at  low  frequencies,  and  exhibits  various  resonances  and 
axtlresocances  at  the  higher  frequencies.  So  effort  has  been  wade  So 
account  for  the  details  of  the  variations  » easured.  The  Z1X  structure 
is  sufficiently  coupler  Out  attempts  in  this  direction  are  sot  likely 
to  be  fruitful. 
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The  eocplisg  dzT'.  off  Ffgaze  3  me  a sed  together  «itb  tbe  coroea- 
nolse  spectral  data  of  Eef.  3  co  generate  tie  cktcs  of  carcat-aalse 
•qatnlRt  field  shown  for  tie  nr tens  y  a  term  poultices  in  Ffgsre  4 
ifarsc^  7.  CS treater  noise  tlso  shown  £s  these  fig-res  nil  be  discassed 
later  in  tils  section.)  la  carrying  oct  these  calcnlatioes,  it  was  asseaed 
tbat  tie  helicopter  charging  correct  was  GOO  pA,  and  that  it  split  -egeally 
between  tie  two  rotors,  lie  noises  generated  frees  tie  two  rote  rs  were 
added  «o  so  z-as  basis  to  determine  the  total  noise  cermet  induced  in 
tbe  acteaoa.  Following  tie  pmccdcres  of  Eef.  b,  tie  noise  cement  wjs 
ties  expressed  is  terns  of  tbe  e^sirxlest  noise  field  mgefred  at  tbe 
sates—  location  to  peodwee  tbe  sane  sbort-cireelt  aatenaa  cerzest. 

Essentially,  tbe  data  of  Flgares  4  throwgh  7  dtnr  tbe  noise  fields 
tbat  vodd  exist  at  tbe  aataaata  locations  on  tbe  EtJE  If  it  were  -operated 
without  dischargers  on  tbe  rotor  Hades  is  a  region  of  severe-  citrglzg. 

Csin g  the  coapllng  data  of  Figwre  3  again,  bet  this  tlae  in  coc— 
Reaction  with  stremr  noise  dst^  of  Eef.  7,  calcalatipns  were  sad's  to 
detersine  tbe  level  of  noise  tbat  world  exist  at  tbe  aateoac  locations 
if  tbe  rotor  blades  were  —treated  and  SCO  pA  of  charging  to  tbe  blade 
serf  aces  retag  nwd  to  tbe  Metallic  stmetere  of  the  blades  via  stMawr 
discharges  over  tbe  surface.  Tbe  reselts  of  tbeae  calcalationt  are 
presented  for  tbe  variowt*  antes—  positions  is  Figsres  4  tferowtgh  ~- 

Also  shows  in  Flgares  4  through  7  are  levels  of  atmospheric  noise 
field  obtained  fran  Eef.  19  and  adjasted  foe.  a  1-bSr  btadwidtb.  Tbe 
corona  and  stzeaner  noise  fields  are  seen  to  be  40  to  C3  dB  greater 
tbe  atnosyberlc  nolle  tkrowgbont  tbe  —tire  fro gotacy  sange  considered  in 
tbe  case  of  antenna  positions  1  and  4.  Tbe  noise  is  soaewbat  less  sertre 
is  tbe  case  of  sate— a  positions  2  and  3.  Tbe  iaplicatloa*  of  noise  on 
the  operation  of  MW-B  ays  tans  are  as  follows:  The  lOUUtD  systan 
designer  can  achieve  Improved  system  performance  nstU  be  has  redoced 


FIGURE  6  NOISE  AT  ANTENNA  LOCATION  3 
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CQUIVAI'INT  NOW  PIKLO  AIOVI  1  MV/m  IN  1  kHi  •ANOWIDTH 


his  system  input  noise  figure  to  the  atmospheric  noise  level.  From  this 
observation  we  can  infer  that  such  systems  are  now,  or  ultimately  will 
be,  operating  at  the  atmospheric  noise  level  limit.  From  Figures  4 
through  7,  we  sec  that  corona  or  streaner  noise  from  the  blades  will 
severely  degrade  the  performance  of  such  a  system.  In  particular,  the 
analysis  indicates  that  from  20  to  40  dB  of  noise  reduction  is  required 
to  reduce  the  electrostatically  generated  noise  levels  to  the  daytime 
atmospheric  level. 

Shown  in  Figure  8  for  comparison  are  corona-noise  fields  at  the  707 
tsilcap  antenna  location  for  two  conditions.  In  the  first,  corona  dis¬ 
charges  are  permitted  to  occur  from  the  rudder,  resulting:  in  high  coupling: 
to  the  antenna  and  high  equivalent  noise  fields.  Eliminating  the  dis¬ 
charges  from  the  rudder  has  the  effect  of  reducing  the  noise  levels  to 
the  values  given  by  the  lower  curve.  The  data  of  Figure  8  were  verified 
in  the  series  of  flight  tests  described  in  Refs.  8  and  9. 

It  should  be  noted  at  this  time  that  in  order  to  achieve  satisfactory 
operation  of  on— wit  cation  and  navigation  equipment,  aircraft  such  as  the 
707  are  equipped,  with  dischargers  capable  of  providing  45  to  60  dB  noise 
reduction,  and  the  dischargers  are  numerous  enough  and  in  sufficiently 
effective  locations  to  permit  all  of  the  charging  current  to  leave  the 
aircraft.  To  reduce  electrostatically  generated  noise  to  similar  levels 
on  the  HU,  it  will  be  necessary  to  provide  comparable  degrees  of  noise 
reduction  to  both  streamer  and  corona-interference  sources. 

• 


FREQUENCY  —  Mb 
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FIGURE  8  CORONA  NOISE  LEVELS  AT  707  TAILCAP  ANTENNA 


hi  Electrostatic  modeling 


Laboratory  electrostatic  Measurements  were  ude  to  determine  corona 
thresholds  of  the  HLH  blades,  and  to  estimate  discharge  currents  fro* 
passive  dischargers  located  oa  the  blades.  The  measurements  were  carried 
out  in  two  steps.  First,  the  setup  illustrated  in  Figure  9  was  used  to 
determine  the  relationship  between  the.  helicopter  potential  and  a  reference 
on  a  helicopter  blade  as  a  function  of  angle  6  with  respect  to  the  fuse¬ 
lage.  (The  reference  point  chosen  «i>  12  inches  inboard  of  the  tip  and 
12  Inches  forward  of  the  trailing  edge  on  the  full-scale  vehicle.) 

In  carrying  out  the  measurements  illustrated  in  Figure  9,  the  2/48- 
scale  model  was  sprayed  with  conducting  silver— loaded  T/uln'i.  to  render  it 
cou+*ctIjg.  The  model  was  suspended  in  the  laboratory  aird  connected  to  a 
high-voltage  power  supply.  A  small  metal  probe  mounted  on  a  thin,  elec¬ 
trically  insulating  handle  was  touched  to  the  blade  at  the  reference 
point.  The  charge  acquired  by  the  probe  was  transferred  to  a  Faraday 
"ice  pail”  attached  to  the  input  of  an  infinite-impedance  electrometer. 

The  relationship  between  probe  charge  and  surface  field  was  deter¬ 
mined  fay  repeating  the  charge-transfer  measurement  in  the  known  surface 
field  between  a  pair  of  metal  plates  where  the  field  is  given  by 

E  *  V/d 


wtere 

V  a  Applied  voltage 
d  *  Spacing  between  plates. 
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FIGURE  9  ARRANGEMENT  FOR  DETERMINING  RELATIONSHIP  BETWEEN  HELICOPTER 
POTENTIAL  AND  REFERENCE-POINT  FIELD 


In  the  second  step  of  the  electrostatic  studies,  a  full-scale  sec¬ 
tion  of  HLH  helicopter  rotor  blade  was  suspended  in  the  laboratory  as 
illustrated  in  Figure  10.  The  power-supply  voltage  vras  increased  until 
corona  onset  occurred  (a  corona  current  of  10  pA  ns  used  to  indicate 
onset).  The  reference-point  field  at  threshold  was  then  measured  is  the 
setup  of  Figure  10.  Since  the  earlier  experiments  using  the  setup  of 
Figure  9  developed  a  relationship  between  reference-point  field  and 
helicopter  potential  it  is  sow  possible  tc  state  the  potential  at  which 
corona  threshold  will  occur  as  a  function  of  blade  position. 


FIGURE  10  SETUP  TO  OETEChRNE  REFERENCE-FOUfT  FIELD  CORRESPONDING 
TO  CORONA.  THRESHOLD 

Figure  11  shows  the  result  of  the  corona-threshold  measurements 
Bade  in  the  laboratory.  It  is  erldent  that  the  threshold  Is  sensitive 
to  blade  position.  In  particular,  vtiniana  threshold  occurs  when  6  -  180” 
and  the  threshold  increases  markedly  when  the  blade  is  shielded  by  the 
fuselage  {for  6  <  -?5e) .  The  shielding  effect  on  the  forward  rotor  blades 


si  mi  a 


FIGURE  11  THRESHOLD  POTBffiAlS  OF  HLH  SLADE  STRUCTURE 


is  more  pronounced  than  ocs  the  aft  rotor  bccasse  tie  fan tard  rotor  blades 
pass  closer  to  the  fsselase  (see  Fixate" 9). 

Tie  tnilisf  edje  of  tie  aft  blade  has  the  lowest  Kialsut  corooa 
threshold  (roojhljr  ISO  kV) .  lie  tiairat  threshold  of  the  forward  rotor 
is  soaewhat  hlfher,  bat  still  safastaetlally  below  the  threshold  of  the 
leading  corner  of  either  blade  (250  to  275  kT).  As  is  evident  from 
Figure  11,  sene  experirwntatloc  was  doee  to  determine  the  effect  of 
Installing  a  roended  cap  oe  the  tip  of  tie  blade.  The  cap  las  the  effect 
of  great ay  increasing;  the  corona  threshold  of  the  leading  eerier  of  the 
rotor  (425  to  455  kT>.  lie  indications  of  these  neasorenests  will  be 
dealt  with  later. 

lie  fact  that  corona  threshold  increases  so  rapidly  for  6  <  45* 

Means  that  most,  discharging  will  occur  for  @  >  45*- 

'Yae  implications  of  Flgwre  11  shoold  be  considered  farther-  For 
€  *  !Kr*.  with  no  dischargers  installed,  and  with  no  airflow  to  generate 
localized  pressure  redactions,  tie  nodel  s todies  indicate  that  corona 
threshold  of  tie  blade  tip  tr*  iXlng-edge  strnctnre  will  cccxr  when  tie 
vehicle  potential  reaches  150  kT.  Assaning  that  the  blades  axe  egalpped 
with  tra llog-type  passive  dischargers  of  the  sort  osed  on  cuaerdal 
transport  aircraft,  corcna  threshold  of  the  dischargers  will  ocemr  at 
roaghly  1/10  the  threshold  of  the  trailing  edge  Itself.  Tins,  long  before 
t  railing-edge  threshold  is  approached,  the  dischargers  facet  lew  and  gen¬ 
erate  colons  of  space  charge  Uu;t  have  the  effect  of  shielding  tie  blade 
trailing  edge  proper,  thereby  Increasing  Its  corona  threshold  by  as  aacb 
as  a  factor  of  2  to  a  potential  cl,  say,  250  to  300  kT  (see  Flgare  43 
of  Kef.  8).  Tins  the  nodal  atmwntatt  Indicate  that,  with  trailing 
dischargers  installed,  corona  threshold  of  the  blade  trail ixg  edge  and 
blade  leading  corner  will  occar  tit  250  to  300  kT,  masoning  that  there 
axe  no  vortices  present  to  prodace  localised  p resnoxe 


redactions  (which 


redcee  corocj  rtrtsiold  in  proportion  to  pros  sort  redrctloc) .  It  is  areas* 
that  we  cannot  esSer  any  circaastxnce  allow  the  helicopter  voltage  to 
ipprosd:  250  to  300  W  because  iff  It  rises,  ao'se-prodocinc  corona  dis¬ 
charges  will  ccesr  frees  toe  blade  s  tract  ere. 

">et  cs  bow  as  scare  that  we  find  a  factor-of-2.5-to-3  margin  off  safety 
is  vehicle  voltage  acceptable  (this  means  that  we  feel  confident  that 
tbe  coafri nation  off  oacertaiaties  in  localized  pressure  redaction  and 
errors  In  our  laboratory  s todies  is  less  t£ua  2.5  to  3).  Let  cs  estimate 
tbe  car  rent  that  wonld  be  discharged  by  a  stinlxal  installation  off  two 
trailing  dischargers  per  blade  when  the  helicopter  potential  is  ICO  fcT. 
(The  dischargers  axe  ass— d  to  be  S  to  7  inches  long  in  the  —  off  an 
ortho-deconpled  discharger  as  described  in  Beffs.  S,  S,  and  11. >  First, 
rasing  the  res® Its  off  the  reffereece-point-ffield  neasarenenis,  we  determine 
the  reference-point  field  as  a  Inaction  off  blade  position  for  an  aircraft 
potential  off  100  IV.  The  resalts  off  snch  a  determination  are  shown  in 
Fignre  12. 

la  Lf.  (31)  off  Kef.  I,  an  expression  is  given  for  the  space-charge- 
liovted  carrest  discharged  from  the  end  off  a  rod  capped  with  a  zero- 
threshold  ion  socce  acd  placed  in  a  winds trean  (sec  Figare  13).  (Ihe 
T«Iio!*r  off  this  expression  was  verified  in  flight  for  the  case  off  ertho- 
decoopled  dischargers,  which  have  a  corona  threshold  rooghly  1/10  that 
off  the  sharp  trailing  edge  an  which  they  axe  noon  ted.)  The  egcation  is: 

i  =  Va  E  2ne  (1) 

.  a  o 


where 

i  «  Discharge  correct 

IF  *  Ylndbpeed,  n/s 

a  a  ladles  off  discharger  cylinder 
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R0*£  12  HBBBiCHCjMT  K€LDS  FOR  HUH  POTBfTlAL  OF 
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E  =  Field  intensity  at  surface  of  rod.  T/» 
% 1  **>*• *  “* 


RGUW  13  SMCE-€HUIGE-lJMfTB>  OCSCMAUGE  FHOM  BO  CNF  COJMOCR 

First  rsz  ^Ce  ttat  Z|v  €21  is  Umst  with  E  .  Tfasx  it  is  permissible  to 

write  E  orer  tie  active  portion  of  x  blade  rotatio®  end  to  calculate  i 

iron  the  mry  E  ■  T*  will  start  by  liailac  w  wrure  zeferexce-poZxt 

field  E  sod  ccxrertiac  *iis  to  «  average  E  -  let  xs  mnfe  E  onr 
E  a  x 

ymCnits  I,  C,  ami  D  ia  Hfire  12  xsiag  li»ear  ixterpclatiox  betw 
eoi  polxts  of  the  Exadraxts.  This  mrafljf  yields 


r  ■«  kT/» 

E 

AipJMts  aloxg  the  Uses  of  those  ex  p.  91  of  Etf.  S  ixdlcat*  that  for 
the  HI  blsSt,  £^.«  2S.9.  Ihas,  for  100  WT  ox  the  HE, 

9  K 

E  *  1.27  X  10*  T/x  . 

a 

let  xs  ii  xn  that  the  tip  of  the  rotor  has  a  velocity  of  2S0  s/s  (this 


to  a  speed  of  X  *  0.7$,  which  is 


mtiwly  below  the 


Xach  3  l  llxit  for  belieopter  blades).  Let  es  also  tisoose  2a  «  1/4  lae& 
-3 

s  6.3S  v  10  sc.  S^stitstf^c  all  tbes«  nlees  ifcto  Eq,  (>)  yields 

2SOC6.3S  *  10*^1  C1.27  X  IO®)  2= 

1  *  ;  ’ 

2(a?=  x  to  > 

3  56  pA 

Sisce  hodi  dlsdarxtrs  ec  the  blade  shocld  /tlsdary  roqghSy  tie  saae 
cerrtet,  and  sisce  only  distbsrttrs  fa  gnsdrssts  B,  C,  -oi  D  are  active, 
tie  total  current  discharged  by  tils  cce^liaest  at  a  helicopter  potential 
of  100  IT  is 


w  -  **“» 


crzpi 


This  is  slightly  is  excess  of  the  pest  charging  cjxncad  postdated 

for  the  B2  helicopter. 


Let  ns  anr  coats  Idrr  the  ^erigt  of  discharge  Installations  szi table 
for  HZ.  The  ibow  calculated  valae  of  total  discharge  car  rest  nwmr 
that  too  trail  lag  dischargers  per  Made  case  TMjaatbly  be  expected  to 
haadle  the  oa.rfaaai,  aatticipated  charging  cuiut  to  the  HZ  while  bolding 
the  vehicle  po  teat  la  Is  brlor  100  W.  The  melts  obtained  above  also 
Indicate  that  ia  the  abaca ce  of  localized  press* re  ndactiocs,  none  of 
the  blade  stgactaae  ahosald  roach  coxccua  threshold  sxill  the  vehicle 
potential  Is  la  the  range  250  to  300  kT.  FUjit-test  cspcritace  on  Jet 
aircraft,  however,  ladlca tes  that  aabstaetixl  pres sere  redactions  do 
occur  at  the  eeds  of  airfoils,  pcsdttisg  ooroea  discharges  at  potentials 
substantially  below-  those  predicted  on  the  basis  of  still  air 
snots.*;1 


*•*  hr  exaoole.  it  was  found  that  noise  onset  occurred  when  the 


aircraft  poteetial  m  1-3  tlaes  tfce  traillaj-f^pe  t&m&sld  {m  p.  147 
of  Ssef.  t).  T&ls  resale  was  ebUlscd  vitfc  rwaiW  tips  o*s  tie  airfoils. 
Satisfactory  opera  tioc  of  passive  dfseJCxryer  systeas  ocs  esenstioasl  air¬ 
craft  was  a»t  acblersd  eetil  airfoil-tip  flsdarttn  were  developed  to 
(tsente  a  colons  of  space  cSarye  alocc  tiic  tip  of  tie  airfoil  to  provide 
sbieldiag  anf  a  correspocadiac  ccr9nx-*&resbold  iacrease  is  tie  resfees 
wfcere  Iccaliref  pressure  ndsctiai&s  cats  ocos.*>*  la  lijit  of  tits  jet 
aircraft  experience,  it  appears  pnaScst  to  aztldpxte  .isilir  conditions 
os  tie  SIC  blades  and  tc  take  steps  la  tie  ixitial  blade  <5esfp=  to  eir- 

Tte  preferred  flfdaypr  installation  is  shewn  £a  H(tre  HCs'- 
3err,  two  trailing:  disefcaxyer*  axe  peoridied  to  band le  tike  telle  of  tie 
fisdbarje  eserraat.  X  nnafiril  S2p  cap  is  installed  oo  tie  ead  of  tie  fclnde 
to  iacrease  cot—  tlredbolfs  at  tie  tip  of  tie  ilwfie.  £a  particular, 
x— f*«c  iacreeses  tie  tlraboU  of  tie  Teoffac  coraer  by  x  factor  of  2. 
asi  cliaLutrt  tte  step  edges  along  tie  top  a of  bottom,  of  tie  bind**  tip, 
thereby  iaezeasiac  tie  overall  cor—  timshoZds  is  tie  entire  tip  region 
of  tte  blade.  A  tip-type  iiadkcyti  tetxlM  ok  tie  rnnaiirfl  cap  resales 
fat  tie  generation  of  a  doed  cf  space  ctefe  along  tie  rotor  blade  tip 
to  raise  caw  threshold*  exes  farther.  Has  tie  laotallatiop  of  Figare 
14(a)  £s  designed  to  tiae  is  to  iccawt  all  of  tie  corona  sentee*  tiat 
experience  ok  jet.  transports  lsllcates  are  likely  to  octar,  and  incor¬ 
porates  prorislons  for  nteiac  tie  UVIilood  of  tieir  oxstmee. 

If  tic  tip  Modifications  racdrwd  to  xocmpT.lsfc  tie  is* fallacies  of 
Fleece  14(a)  tapcisc  — cceptaile  veijjfct,  <n(f  or  cost  penalties.  It  Is 
possible  to  slaplify  tie  Installation  smew tit  to  tie  one  illacrt  rated 
is  R|»  14(b),  wifi  kmc  attendant  less  of  performance.  Sere  tic  aooul 
a^wared-off  blade  tip  is  retained,  and  three  tfseteftrs  are  installed 
as  ill wa Crated.  tenwi(  #ke  rooaded  tip  cap  redacts  tie  thresholds  of 
tie  froct  blade  corner  to  rowghlj  230  kT  in  a  till  air.  Alio  eUsiactSac 
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FIGURE  14  RECOMMENOED  DISCHARGER  INSTALLATIONS  ON  HLH  BLADES 


the  rounded  tip  exposes  the  sharp  edges  along  the  top  and  bottom  of  the 
blade  tip  If  it  is  possible  for  vortexes  with  their  associated  localized 
pressure  reductions  to  occur  at  any  of  these  sharp  corners,  the  threshold 
■ay  be  reduced  sufficiently  that  corona  will  occur  at  potentials  below 
100  kV.  Before  the  design  of  Figure  14(b)  can  be  considered  seriously, 
it  should  be  ascertained  that  vortices  are  not  likely  to  occur  in  any  of 
the  regions  of  high  electric  field  at  the  blade  tip.  If,  for  exaaple, 
a  twci-to-one  pressure  reduction  is  conceivable  as  the  result  of  vortex 
generation,  the  design  of  Figure  14(b)  will  be  highly  marginal. 

The  minimum  possible  discharger  Installation  is  shown  in  Figure 
14(c).  Here  two  trailing  dischargers  are  installed  on  each  blade  with 
no  provision  for  tip-type  dischargers  to  inhibit  corona  fro*  the  sharp 
corners  on  the  tip  itself.  This  design  has  the  merit  of  requiring  no 
rework  of  the  blade  tips,  and  incorporates  only  t railing-type  dischargers. 
The  results  of  the  aodel  studies  conducted  oa  the  present  program  coupled 
with  experience  gained  on  conventional  jet  aircraft  flight  tests  indicates 
that  the  design  of  Figure  14(c)  is  not  likely  to  be  satisfactory.  The 
sharp  corners  on  the  blade  tips  will  be  highly  prone  to  -^vona  at  voltages 
comparable  to  those  required  to  discharge  the  expected  currents  frcs  the 
HU.  Attempting  to  increase  the  current-handling  capability  of  the  de¬ 
sign  of  Figure  14(c)  by  adding  wore  trailing  dischargers  will  be  only 
marginally  productive  because  additional  dischargers  after  the  first  one 
or  two  add  smaller  increments  of  discharging  capability  (see  Figure  42 
of  Kef.  8).  It  should  be  observed  at  this  time  that  the  reason  for 
using  tip-type  dischargers  is  not  that  they  add  greatly  to  the  current 
discharged.  Rather,  they  are  used  to  generate  a  column  of  space  charge 
behind  them  to  Increase  the  corona  threshold  of  the  region  in  which  they 
are  installed,  thereby  preventing  unwanted,  noise-producing  corona  from 
occurring  on  the  aircraft  structure  in  these  regions. 
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IV  BLADE-COATIfrG  TESTS 


Evaluation  of  the  adequacy  of  the  candidate  rotor-blade  coating 
syst  *s  ns  carried  oat  using  the  SBI  tribcelectric  charging  facility 
shown  in  Figure  15.  In  this  facility,  a  flow  of  particulate  material 
( lycopod iu*  powder)  is  directed  onto  the  surface  of  the  sample  under 
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FIGURE  15  TEST  SETUP  USED  IN  BLADE-COATING  TESTS 


test.  Frictional  charging  resulting  from  the  iapact  of  the  particles 

on  the  test  surface  charges  the  surface  in  the  same  ny  as  dust  or  ice 

crystals  would  charge  the  rotor-blade  surface.  Charging  current  density 

is  measured  by  wonitoring  the  current  arriving  on-  the  conducting  ring 

surrounding  the  target.  In  the  tests,  the  currents  ranged  from  2  to 
2  2  2 

6  pA/ft  .  At  6  uA/ft  ,  only  100  ft  of  blade  area  would  be  required  to 
generate  the  maximum  current  of  600  uA  postulated  for  the  HLH.  Thus 
it  is  felt  that  the  tests  were  adequately  severe.  By  darkening  the 
rooa,  it  was  possible  to  observe  the  occurrence  of  streamer  discharges 
on  the  surface  of  the  test  sample.  The  occurrence  of  streamer  discharges 


was  also  detected  fay  the  existence  of  radio  noise  pulses.  These  were 
detected  using  a  radio  receiver  connected  to  the  eetal  ria  around  the 
periphery  of  the  test  sample.  The  attenuator  shown  in  the  receiver 
system  permitted  a  rough  estimate  to  be  made  of  the  degree  of  noise 
reduction  achieved  through  the  application  of  a  particular  conductive 
coating  system. 

The  strength  of  the  triboelectric  charging  test  is  that  it  simulates 
all  aspects  of  the  plastic  charging  and  discharging  processes  at  the 
same  time.  In  addition,  there  are  no  wires  leading  to  power  supplies 
and  no  electrodes  attached  to  the  test  sample  to  cast  doubt  on  the 
validity  of  the  tests. 

Daring  the  test  program,  26  samples  (some  were  duplicates)  of  promis¬ 
ing  coating  systems  and  bare  plastic  samples  were  tested  in  the  tribo¬ 
electric  charging  facility.  The  samples  were  prepared  by  Boeing  Yertol 
using  materials  and  techniques  acceptable  for  ultimate  use  in  production. 

The  details  of  preparation  of  the  test  samples  are  shown  in  Figure 
16.  The  samples  were  prepared  by  making  each  successive  layer  of  the 
coating  system  smaller  than  the  preceding  layer  to  provide  definite 
access  to  each  of  the  elements  of  the  test  penel.  In  particular,  the 
test-panel  design  allowed  for  the  use  of  a  simple  scheme  for  installing 
a  current-collecting  electrode  around  the  panel.  This  was  accomplished 
by  placing  a  strip  of  copper  tape  around  the  ilm  so  that  the  tape  pro¬ 
truded  1/2-inch  onto  the  anti-abrasion  layer.  In  this  way  the  copper 
tape  collected  current  flowing  to  ground  via  the  conducting  layer  as 
well  as  current  discharged  via  streamers  over  the  top  surface.  The 
upper  grounded  metal  rim  in  Figure  16  was  an  aluninun  frame  installed 
over  the  outside  of  tae  entire  structure  to  provide  a  definite  form  to 
the  electromagnetic  coupling  fields.  This  is  important  to  assure  rea¬ 
sonable  repeatability  of  the  streamer  noise  pulse  measurements.  The 
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The  iliaicua  fme  ns  sufficiently  fer  back  from  the  inner  edge  of  the 
copper  tape  that  t5e  rls*  did  not  collect  any  of  the  dc  charting  current. 

The  dott-blorisg  facility  ns  sec  up  in  »  room  equipped  sith  a  de— 
humidifier  and  heater.  The  samples  were  stored  in  this  rooa  for  two 
days  prior  to  the  start  of  the  tests  to  permit  thwr  to  dry  out  thoroughly 
to  eliminate  leakage  through  surface  moisture  films.  Testing  in  this 
environment  simulates  operation  under  the  low  •humidity  conditions  exist¬ 
ing  in  the  desert  a~d  in  the  arctic.  Drrltg  the  actual  electrification 
tests,  the  humidity  remained  in  the  range  2L*  to  28%  and  the  temperature 
was  in  the  range  84°F  to  88aF. 

Kone  of  the  nonconductive  coating  rr  items  were  satisfactory,  l/cder 


frictional  charging,  they  all  produced  visible  streamer  discharges  and 


high  levels  of  radio  noise.  The  requirements  for  a  satisfactory  coating 
system  are  discussed  in  the  Appendix.  Upon  completion  of  a  dust-bloving 
test,  the  lycopodium  povder  used  as  the  charging  xaterial  vas  often 
attracted  to  the  surface  of  the  nonconductive  panel,  and  formed  patterns 
shoving  the  paths  taken  by  streamer  discharges  originating  on  the  grounded 
conducting  rim  around  the  test  panel  and  propagating  oat  to  the  center 
of  the  panel  as  shovn  In  Figure  17. 

Kb  such  dust  patterns  were  observed  on  any  of  the  satisfactory 
condoctively  coated  panels.  It  should  also  be  noted  that  there  vas 
never  any  noise  produced  by  electrification  of  any  of  the  best  conduc¬ 
tive!  y  coated  panels.  The  noise-monitoring  and  recording  instrumentation 
vas  tuned  oc  at  the  start  of  each  test  so  that  noise  occurring  at  the 
first  electrification  could  certainly  have  been  detected. 

iV  description  of  the  blade-coating  samples  tis'ctf  is  given  in 
Table  1.  (The  film  resistivity  listed  in  Table  1  ns  determined  by 
applying  two  strips  of  copper  tape  on  opposite  edges  of  the  conducting 
layer  of  Figure  16  and  measuring  the  resistance  between  the  tvo  strips 
using  an  chant  ter.)  The  overall  results  of  tbs  tests  are  summarized  in 
Table  2.  The  data  are  presented  in  Table  2  so  as  to  permit  comparison 
of  the  effectiveness  of  various  base  materials  and  their  effectiveness 
in  combination  vlth  overcoatings  of  different  abrasion-resistant  materials. 
The  noisiest  c^plts  tested  vere  Xim.be rs  19,  20,  2S,  and  26  (neither  of 
vhlch  incorporated  conductive  material  in  its  formulation).  Accordingly, 
the  uoise  levels  generated  uy  these  samples  were  taken  as  the  0-dB  ref¬ 
erence  typical  of  noise  generated  on  an  untreated  blade,  and  the  noise 
level  observed  on  all  the  other  samples  is  expressed  as  dB  below  this 
reference  level.  Several  of  the  multilayer  conductive  coating  systems 
were  found  to  be  very  satisfactory  in  complete);  eliminating  discharges 
on  the  surfaces  of  the  blades.  Particularly  good  vere: 
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•  BKS  10-21  ♦  polyurethane  BA-2  (Sxsples  1  and  2). 

•  BSCS  10-21  4-  Epoxy  Priatr  ♦  Acrylic  5itroceilolese  Lacker 
(Samples  9  and  10). 

»  Kiga  S-E-6  Epoxy  Prtoer  4-  Acrylic  S&trocellnlose  Lacqoer 
(S^s>ies  17  asd  IS). 

•  Magna  S-B— 6  4-  Epoxy  Priser  4-  Polyurethane  (Samples  13  14). 

It  is  interesting  to  note  that  Samples  7  iai  S  are  Dot  as  reliably  <paiet 
as  Samples  9  and  10,  although  the  am  in  difference  between  the  txo  sets 
Of  samples  is  that  7  and  8  bare  BA-2  added  to  tte  lacqoer  top  coat.  On 
the  other  hand.  Samples  1  and  2,  .Incorporating;  BA-2,  are  qaieter  than 
Samples  3  and  4,  which  hare  the  same  foraolation  withoet  BA-2. 

In  applying  the  reselts  shows  in  Table  1,  it  should  always  be  borse 
in  nlnd  that  ontstancisg  coating;  systems  prodoeed  no  detectable  noise  is 
the  measmring  system  msed,  and  showed  so  indication  of  charge  accsmslatloe 
or  strejmerfng.  it  is  possible,  therefore,  that  the  noise  redactions 
achieved  were  sabstanti  ^lly  in  excess  of  40  dd.  The  effort  to  shield 
and  otherwise  improve  the  weassrUf  system  to  increase  its  dynamic  wage 
was  beyond  the  scope  of  the  present  contract.  Ctetil  more  carefully  con¬ 
trolled  measurements  can  be  mode,  however,  it  is  safer  not  to  try  spliD- 
tiac  hairs  concerning  the  data  of  Table  2  by  i^golag  that  one  system  is 
only  a  few  A  better  than  another.  Instead,  it  shoold  be  concloded  that 
four  of  the  systems  (listed  above)  prodcccd  no  detectable  streamer  Boise 
HBdtr  frictional  dtttfiBf,  while  the  rest  produced  noise  of  gitater  or 
lesser  degree. 

The  resalts  of  the  streamer-noise  calculations,  shown  in  Flgares  4 
thioagh  7,  indicated  that  streamer  noise  on  the  blades  most  be  redoced 
by  over  40  dB  to  bring  it  down  to  the  daytime-atmosphere  level.  Tbcs 
there  is  no  merit  in  considering  paint  systess  that  cannot  provide  this 
degree  of  noise  redoctloe. 


In  an  effort  to  determine  «ty  some  of  tbe  eottic{  systems  *ere 
satisfactory  than  others,  it  arxted  that  ooe  possible  aecbanfss  leao- 
iac  to  tb>  obsenei  noise-redoctiooi  differences  conld  te  molecular  inter¬ 
act  iocs  between  tbe  coexSoctire  substrate  2nd  the  itsabtist,  itnsioc- 
resistant  top  coxt  that  affected  tbe  insslating  and  voltage— breakdown 
characteristics.  It  ns  felt  that  eridexe  of  these  interactions  and 
their  effects  cocid  be  plied  by  xeassrlac  tbe  electrical  eoodoetivity 
of  tbe  nriocs  surfaces.  Accordingly,  aa  experiment  to  aexssre  tbe  con¬ 
ductivity  of  tbe  blade-panel  coat lug -system  samples  ns  designed. 

The  experiment  csed  a  coaxial  res  is  tamer  ceascring  probe  illnstrated 
la  Figue  IS.  A  ooaxixl  design  ns  chosen  because,  with  this  strseter?, 
all  current  flow  is  confined  between  tbe  icaer  and  ooter  conductors, 
lisas,  acccrate  measurement  of  resistance  is  possible  even  near  the  edges 
of  panels.  Tbe  dimensions  of  tbe  coaxial  probe  acre  chosen  so  shat  tbe 
comdactixity  (in  ohms/Q)  of  any  surface  coaid  be  detsxiaed  by  maltiply- 
log  the  measured  resistance  by  4.  Is  order  to  obtain  uniform  surface 
contact  orer  tbe  entire  probe,  soft,  conducting  ricyl  pads  were  applied 
to  tbe  brass  contact  pads  of  the  probe.  These  pads  bad  side-to-side 
resistances  of  less  than  1  ohm. 

Initial  measurements  revealed  that  several  cf  tbe  panel  saaples 
showed  a  surprisingly  high  conductivity  at  low  (1.5  volt)  voltages, 
farther  testing,  performed  anaer  tbe  sane  tempera  tare  and  SsmdsSIty  corn— 
d  it  loos  as  described  earlier,  shows  that  sill  of  tbe  panel  samples  with 
tbe  MS  10-21  base  material  gave  high  conductivity  at  low  voltages. 

Since  the  abrasion-resistant  top  coatings  on  these  panels  are  gen¬ 
erally  ncmoomdacting,  tbe  materials  were  suspect  and  a  microscopic  exami¬ 
nation  of  tbe  panels  was  made.  Figure  19  sboss  a  photograph  of  tbe 
surface  of  panel  *T angle  So.  7  magnified  10  times.  It  can  be  seen  from 
tbe  photogrape  that  tbe  surface  is  irxegmlar-  A  microprobe  attached  to 
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f  >  RGURS  ff  •SSIOGStfH  Cf  T*R£«.  SWCc  SMIPlc  Sub  EWS  55-21  BASE 

WAIES»Lt«C9I) 

xa  e&areter  revealed  that  tbe  ""sasooth"’  Tall eys  shows  is  tbe  pfi»o«c\cra^ 
were  oooceoikactlre  while  tbe  “sriasstaloass'  leap*  «cj  the  surface  were 
coesdoctlre,  evea  when  toodbed  with  tbe  slightest  prtMcnf.  Tbere  I  raps 
are  eridntl^  tbe  BKS  10-21  tare  coat,  which  trf  enacted  tbraajh  tfce  top 
coat,  leadls*  to  the  high  rllecs  of  ceoSactlTitjr  (I«  resisUace)  swa- 
sorsd  by  tbc  coaxial  probe.  Fljssre  20  sJ boss  a  pbotoersyb  of  ace  off  tt* 
"arocstaiB*"’  observed  os  Sasplc  2  at  303  sasaifflcatioo.  *bts  boss  tala, 
»hlle  belr^p  seoaeshat  larger  thaa  sost,  sat  oot  atypical  of  those  observed. 

Table  3  shows  tbe  resalts  of  tie  sarface-reslstlrlty  setssroeau 
cade  co  tbe  pazels  with  tbe  BSCS  10-21  bare  coat.  Each  resistivity  raise 
sbova  la  tbe  fffcre  Is  tbe  average  of  fire  aacasareseats  oa  coca  paaci. 

It  caa  be  seea  Ms:  there  Is  a  bi£h  ««cgree  of  correlatloa  between  tbe 
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The  measured  resistivity  data  also  are  consistent  with  a  general 
description  of  the  surface.  To  the  observer  it  appears  that  the  panels 
with  a  high  conductivity  (and  good  noise  reduction)  were  the  roughest 
(and  consequently  had  the  greatest  exposure  of  conductive  base  material). 
Another  qualitative  observation  made  while  the  panels  were  being  examined 
was  that  the  top-coat  materials  over  the  BUS  10-21  base  coat  were  easily 
scratched,  and  seemed  softer  than  the  other  top-coat  materials  tested. 

The  remaining  panels— those  with  the  Magna  8-B-6  base  material,  and 
the  panels  with  no  conductive  bass  coat — were  similarly  examined  under 
a  microscope  and  subjected  to  a  low-  and  high-voltage  conductivity  mea¬ 
surements.  These  panels  exhibited  no  measurable  conductivity  at  low 
voltages,  so  high-voltage  measurements  were  made.  The  results  of  these 
measurements  are  shown  in  Figure  21  together  with  noise-reduction  data 
from  Table  2.  It  can  be  seen  from  this  figure  that  the  data  for.,  three 
distinct  conductivity  groups.  It  is  slso  evident  from  the  figure  that 
there  is  a  high  degree  of  correlation  between  conductivity  and  noise 
reduction. 

Figure  22  shows  a  photograph  of  the  surface  of  Sample  18,  magnified 
10  times.  This  panel  has  an  epoxy  top  coat  and  the  Magna  8-B-6  base. 
This  surface  was  typical  of  all  panels  with  the  Magna  base  coat.  It  can 
be  seen  that  the  surface  is  very  smooth,  with  no  irregularities.  Tho 
surface  was  moderately  hard,  resisting  easy  scratching. 

It  was  calculated  from  these  tests  that  the  Magna  8-B-6  base  coat 
covered  with  either  the  Mil-P-23377  plus  Mil-L-19538,  or  the  Mil-P-23377 
plus  Mil-C-83286  abrasion-resistant  coatings  were  superior  to  the  other 
coating  systems  from  the  standpoint  of  noise  reduction  and  mechanical 
properties  of  the  surface. 
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FIGURE  21  HIGH-VOLTAGE  CONDUCTIVITY  OF  HLH  BLADE  PANELS  WITH  MAGNA 
8-8-6  BASE  MATERIAL 

It  ns  further  concluded  Iron  these  tests  that  the  loir-  or  high- 
voltage  conductivity  Measurements  could  be  a  viable  technique  for  check¬ 
ing  noise  suppression  on  the  HLH  blades  in  a  field  environment. 

Some  of  the  other  considerations  important  in  designing  a  streamer- 


free  surface  ere  discussed  In  the  Appendix 


V  CONCLUSIONS  AND  RECOMMENDATIONS 


An  analysis  ns  ude  to  determine  the  noise  to  be  expected  at 
typical  LF  and  HF  antenna  locations  on  an  unmodified  HLH  helicopter. 

This  analysis,  based  on  previous  vorfc  substantiated  by  flight  testing  on 
conventional  aircraft,  indicates  that  noise  steaming  from  corona  dis¬ 
charges  fro*  the  blade  tips  ox  fro*  streamer  discharges  across  the  plastic 
blade  surfaces  Till  produce  interference  levels  <0  dB  or  sore  above  day- 
tine  atmospheric  noise.  The  LORAX-D  System  designer  can  achieve  improved 
system  performance  until  he  has  reduced  his  system  input  noise  figure  to 
the  atmospheric  noise  level.  From  this  observation  it  can  be  inferred 
that  such  systems  are  nor,  or  ultimately  will  be,  operating  at  the 
atmospheric-noise-level  limit.  This  means  that  the  predicted  corona  or 
streamer  noise  from  the  blades  mill  severely  degrade  the  performance  of 
such  a  system.  In  particular,  the  analysis  indicates  that  40  dB  of 
noise  reduction  is  required  to  reduce  the  electrostatically  generated 
noise  levels  to  the  daytime  atmospheric  level. 

Electrostatic-model  studies  of  the  HLH  helicopter  indicate  that  it 
is  possible  to  devise  a  passive-discharger  installation  for  the  helicopter 
blades  that  will  handle  the  maximum  anticipated  discharge  current  of 
600  tiA  predicted  for  the  SIX  helicopter  while  providing  45  to  60  dB  of 
corona-noise  reduction.  Various  discharger  arrangements  on  the  blades 
were  considered  in  light  of  probable  aerodynamic  conditions  at  the  blade 
tips.  The  one  recommended  for  use  on  the  EIH  is  based  on  presently  best 
available  information  regarding  maximum  expected  pressure  reductions  in 
the  vortices  generated  at  the  corners  of  the  blnde  tips. 

The  results  of  charging  tests  conducted  on  candidate  conductive- 
coating  systems  for  the  blades  indicated  that  four  of  the  coating  systems 

tactile  ptft  link 
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tested  *ere  highly  successful  in  eliminating  corona  discharges  on  the 
blade  surface.  The  dynastic  range  of  the  setup  used  was  such  that  noise 
reductions  greater  than  40  dB  could  not  be  specified  quantitatively. 

When  the  four  successful  coating  systems  were  tested,  however,  no  noise 
whatsoever  was  observed  in  the  test  setup.  It  Is  re coemended  that  one 
of  the  four  successful  coating  candidates  be  selected  and  applied  to  the 
blades  of  the  HLH  helicopter.  The  application  of  this  treatment  will 
provide  the  required  40-dB  strecmer-noise  reduction  needed  to  approach 
the  atmospheric  noise  limit. 

In  connection  with  the  conduct iTe-coating-syste*  tests,  it  was 
found  that  two  systems  that  were  essentially  identical,  except  for  vhe 
addition  of  an  additive  is  one  of  the  layers,  produced  markedly  different 
noise  reduction.  It  was  speculated  that  the  differences  might  stem  from 
differences  in  the  ease  with  which  the  top  layer  of  the  coating  system 
punctures  electrically.  In  order  to  pursue  this  question,  and  to  identify 
the  "better"  of  the  good  panels,  a  measurement  was  made  of  the  surface 
conductivity  of  each  candidate  panel  using  a  special,  coaxial,  surface- 
conductivity  probe. 

These  measurements  revealed  a  definite  correlation  between  the  con¬ 
ductivity  and  noise  suppression  afforded  by  the  different  coating  systems. 
The  panels  with  high  conductivity  showed  good  noise  suppression,  while 
the  panels  with  low  conductivity  demonstrated  poorer  noise-suppressing 
capabiliti *s. 

A  microscopic  examination  of  the  panel  surfaces  showed  that  the 
panels  with  the  BMS  10-21  bese  coat  had  irregular  surfaces  with  what 
appeared  to  be  eruptions  of  the  base-coat  material  through  the  top-coat 
layer,  cince  the  panels  sub-coated  with  Xagna  8-B-6  did  not  have  these 
eruptions,  but  some  of  them  exhibited  good  noise  reduction,  it  is  sug¬ 
gested  that  the  Xagna  8-B-6  base  coat  is  superior  to  the  BKS  10-21 


48 


because  the  SCagna  8-B-6  appears  to  result  in  a  tougher  coat.  Xo  measure¬ 
ments  of  abrasion  resistance  were  actually  made  during  the  present  program, 
hoaever. 


These  measurements  also  shoved  that  a  conductivity  measurement  could 
easily  be  adapted  ♦'or  an  ”on-site”  quality-control  technique  to  determine 
the  noise-suppressing  capabilities  of  an  HLH  blade  vhile  it  vas  mounted 
on  the  helicopter. 


Appendix 


BBQGIBEXEXrS  FOB  ELECTS ICALLY  COXDCCTIVE  BLADE  COATINGS 


1.  General 

The  surfaces  of  helicopter  blades  are  made  of  in.ulatin{  plastic 
materials.  In  operation,  these  surfaces  acquire  electrostatic  charge, 
which  ultimately  results  in  electrical  breakdowns  to  metallic  structures 
of  the  blade.  These  breakdowns  generate  radio  noise  that  can  disable 
co— rrnf cation  and  navigation  systems  on  the  helicopter.  TLe  breakdowns 
can  be  avoided  by  drawing  away  the  charge  as  rapidly  as  it  arrives. 

This  can  be  accomplished  by  making  the  plastic  sufficiently  conductive 
or  by  applying  a  conductive  film  ore-  the  plastic  blaee  surface.  Often 
it  is  necessary  to  use  a  double-layer  coating  system  because  the  con¬ 
tacting  materiel  is  too  fragile  to  withstand  the  abrasion  of  normal 
helicopter  operation. 


2.  Single-Layer  Conductive  Coating 

It  is  of  interest  to  calculate  the  maximum  value  of  the  surface 

resistance  that  can  be  used  before  the  electric  field  at  the  surface  of 

the  plastic  becomes  high  enough  to  result  in  air  breakdown.  Let  us 

consider  a  surface  on  which  charging  is  occurring  as  sjown  in  Figure  A-l. 

-6  2  -6  2 

Charging  current  density  J  =  50  X  10  A/ft  —  500  X  10  A/m  is  arriv- 

c 

log  on  the  surface  in  question.  This  causes  current  to  flow  along  the 
surface  to  the  grounded  conducting  rim.  At  a  distance  r  from  the  center, 
ne  a*  11  have  a  total  current  crossing  the  boundary  of 


ICr)  =  J  ti  r 


•  ••  A  — 

f **&>  50,  51  ^JL  SVL  - 
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(A-l) 


FfGirnE  A-l  CURRENT  FLOW  IN  SURFACE  CONDUCTING  HUC 


The  current  per  unit  distance  X  around  the  circumference  of  this  toaadsrr 
Is 


Itr) 

X 


J 

c 


2 

r 


2sr 


=  J  r/2  .  CA-2) 

c 

The  ralta(e  drop  this  current  generates  in  the  infinitesimal  distance 
dr  is 


dV  = 


ICr) 

X 


K  dr 


(A-3) 


where  R  is  the  surface  resistivity  in  ohes  per  square-  By  definition, 
the  electric-fieid  intensity  caused  by  this  current  floe  is,  iron  Eq. 


Substituting  Eq.  CA-2)  into  Eq.  CA-t)  «  obtain 


ECr)  =  J  r  S/2 
c 


CA-5) 


Solving  Eq-  CA-5)  for  B 


B  = 


2EC- 
J  r 


CA-6) 


If  k  specify  the  HTtwr  field  intensity  we  can  tolerate  before  air 
breakdown  occurs  orer  the  surface  of  tie  blade  and  define  ttse  durtisf- 
ccrrestt  density,  Eq.  (A-6)  defines  the  aanriatar  permissible  rains  of  sur¬ 
face  resistivity. 

v  6 

Air  breakdown  occurs  at  sea-lerel  pressure  sties  E  =  3  *  10  .  Let 

us  assaw  that  r  =  0.5  a  (a  rather  large  surface).  Be  calling  tbat  we 
-6  2 

said  J  =  500  r  10  A/a  ,  and  substituting;  these  raises  into  Eq.  CA-6), 
c 

we  obtain 

3  X  106C2) 

*  *  -6 

500  x  10  C0.5) 


-  2.4  x  1C10  C/O 


To  allow  for  soae  safety  aarflB,  let  us  say  that  we  require  B  =  1000 
negohas  per  square. 

It  is  of  interest  to  see  shat  this  surface  resistivity  implies  re¬ 
garding  the  bulk  resistivity  of  the  ante  rial  coap  poetising  the  coodacting 
surface  film.  The  surface  resistivity  is  related  to  the  bulk  resistivity 


where  t  is  the  fils  thickness.  Assenting  a  fils  thickness  of  t  *  0.001 
-3  10 

inch  =  2.5  x  10  can,  and  B  =  10  o£m s  per  sqcare,  *e  fied  freer  Eq.  (A-7) 

that  the  balk  resistivity  required  is  the  surface  naterlal  is 

10  -3 

P  =  20  (2.5  r  10  ) 

T 

=  2.5  x  10  ohs  os 


3.  Potable— Layer  Copfcctire  Coating 

In  considering  the  possible  options  for  bell  copter-blade  treatment 
it  is  evident  that  oca  has  the  choice  of  Braking  an  abrasion- resistant 
conductive  coating,  or  of  applying  a  wore  fragile  coating  and  covering 
it  with  a  thin  layer  of  transparent  abrasion-resistant  araterlal  that 
either  conducts  or  breaks  down,  at  la*  voltage  levels,  to  the  conducting 
layer  underneath.  Let  os  nor  consider  the  two-layer  system  in  which  a 
relatively  fragile  coocSacting  film  is  applied  over  Che  blade  surface 
and  this  is  then  cove-ed  with  a  wore  abrasion-resistant  layer.  The  oater 
layer  asst  be  carefully  chosen.  If  it  is  not,  the  system  will  not  func¬ 
tion  properly. 

Ideally,  if  the  outer  anti-abrasion  coating  material  is  a  good  insula¬ 
tor,  it  should  be  sufficiently  inperfect  that  reasonably  closely  spaced 
holes  exist  between  the  outside  of  the  coating  and  the  conducting  layer 
underneath.  A  thin  film  that  is  likely  to  have  voids  appears  Co  be  a 
good  first  choice.  Less  energy  is  required  to  puncture  a  thin  film,  and  a 
thin  film  when  punctured  probably  would  suffer  less  damage  and  generate 
less  radio  noise  than  would  a  thick  layer  of  material. 

Instead  of  assuming  that  the  outer  anti-abrasion  layer  is  a  perfect 


insulator,  it  is  of  interest  also  to  consider  the  case  of  an  antl-abrasloa 
layer  with  some  bulk  electrical  conductivity.  Surface  charge  will  still 


acctamlafe?  oo  the  octsiic  surface,  and  a  high  electric  field  ■aril!  exist 
inside  tie  cater  layer,  bat  dov  we  will  fcaTe  seme  ccrreat  flow  'hroagb 
the  top  layer  to  ftfee  ccsdsctisc  film.  Let  cs  consider  a  rejioa  of  aatl- 
jbnsioa  material  Lavlsg  a  strficc  area  A  and  a  tfeideess  I.  The  current 
I  arri-riBC  so  this  area  is 


I  =  JA 


CA-S) 


where  <1  is  the  scrfxce-ciargfrg— current  dtesi ty.  The  resistance  E  from 
the  top  surface  Co  the  conduct. inf  filar  is  gf.ren  by 


£ 


EL 

A 


(A-S) 


where  P  is  the  tali  resistivity  of  the  asti-abrasioo-iayez  material . 
The  woltace  drop  V  across  the  coedocting  antl-abrasioo  layer  is  (ins 
by  she's  law. 


T  s  IE 


CA-10) 


He  waat  to  wake  certain  that  thl»  roltsp  appearing  across  the  anti-  . 

abrasion  layer  does  not  exceed  the  dielectric  strength  £  of  the 

wax 


water  rial  defined  by 


E 

wax 


C/-U) 


Substituting  Eqs.  (A-8)  and  (A-9)  into  Eq-  CA-10),  and  then  substituting 
£q.  CA-10)  into  Eq.  CA-11)  we  find 


CA-12) 


Solving  Eq.  (A-12)  for  tie  balk  resistivity  «  obtain 


P 

aax 


E 


■e 


CA-13) 


which  tells  els  the  balk  resistivity  Deeded  to  permit  the  anticipated 
cfcirjiist-ccrreat  density  J  to  flow  throagh  the  anti-abrasion  coating 
withoct  exceeding  the  dielectric  strength  of  the  coating*  CTbe  foregoing 
arfr’-ts  presaae  that  the  anti— abrasion  layer  is  very  tMe  so  that  all 
of  the  fields  produced  by  the  static  charging  *re  normal  to  the  plane  of 
the  ooadacting  fils  oaderreath). 

It  sill  be  interesting  to  ese  Eq.  CA-13)  to  calcslate  a  typical 

raise  of  balk  resistivity  repaired  to  Meet  oar  criterion  of  allowing 

the  carrent  to  flow  throagh  tie  anti-abrasion  sheet  vithoet  panctarfag 

it.  In  the  flight  tests  dtscrlM  in  Kefs.  6  threads  S.  it  was  famemS 

2 

that  ssrface  charging  corrects  cat  reach  raises  as  high  as  SO  pi/ft  , 

_g  2 

so  that  J  =  5.4  X  10  A/an  .  let  v*s  assane  that  the  anti-abrasloo 
layer  is  cede  of  sane  arterial  having  „«  dlelectiic  strength  similar  to 

that  of  a  piece  of  glass  1  mac  thick  for  chicSa  E  =  2.5  X  IQ5  to 

5  .  11  *“ 

5.5  X  10  X/cm  .  Substituting  these  nsafeers  into  Eq.  CA-13)  we  find 

12  13 

P _  =  4.6  x  10  to  10  oinc  cm.  These  resistivities  are  several  orders 

want. 

cf  nagaftsde  lever  than  those  published  for  nany  of  the  nodeza  plastic 
materials  used  in  fo  ratal  a  ting  paints,  accordingly  it  will  be  necessary 
to  either  choose  the  pa  inf  material  carefully  or  to  land  the  paint  with 
conductive  material. 
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